Water suppliers worldwide are challenged by climate variations, but so far only the qualitative change in boundary conditions has become clear but not yet the degree and impact on the water supply systems. Short-term quality changes in surface waters can, e.g. be caused by extreme rainfalls after dry periods. Longer heat periods without rain can induce middle-term quality changes in surface waters due to lacking dilution. Furthermore, unsustainable management of groundwater can lead to long-term quality changes and to water shortages, especially in times with higher water demand. Depending on the individual situation, the expected effects on the supply system differ widely, so a general adaptation strategy will not suit the individual problems. The purpose of our work is to enable water supply companies to systematically identify potential risks resulting from climate change and other external factors in a water safety plan approach, and to adapt the supply system in a most effective way by taking advantage of ongoing modernization measures and 'noregret'-measures. A suitable adaptation strategy should address climate change conditions as well as other external factors like changing water demand and also to take into account possible effects on every part of the supply system.
INTRODUCTION
In recent years, the amount of literature on climate change and its effects on the water cycle has increased significantly. Besides, water supply companies that are facing climate change have to adapt to dynamic conditions such as change of water demand caused by demographic change and different structure of water users (e.g. decreasing industrial water demand). It is obvious that an adaptation strategy can be sustainable only when addressing the sum of changing factors for the supply system and considering the regional water balance and, thus, the consequences for the population, economy and environment.
This paper first of all focuses on lessons learned from case studies in Germany and the Netherlands, as well as individual examination in full-and pilot-scale. Furthermore, it describes possible adaptation pathways with adaptation measures to safe drinking water supply under climate change conditions, also taking into account other external factors relevant for water supply. A systematic universal approach following the water safety plan (WSP) approach (WHO ) has been developed and applied to one local water supplier in order to adapt the existing assets and to boost their efficiency. The cited results have been gained from the regional adaptation project dynaklim (Merkel et al. ) , which was embedded in a nation-wide research programme KLIMZUG.
RESULTS AND DISCUSSION

Climate-induced pressures on water supply and examples for adaptation
Water supply systems are affected by climate change and the influenced external factors (e.g. water demand) in different ways, depending on specific conditions such as regional climate conditions, raw water resources, water treatment schemes and conditions in distribution (cf. introduction).
Here, five different case studies from Europe were chosen to evaluate the impacts of climate change on different water supply systems with various boundary conditions, e.g. raw water resources. From these case study applications, relevant recommendations for climate-proof water supply systems can be derived.
(1) Impact of heavy rainfalls on microbial contamination of source water and shallow groundwater. Climate change induces increased precipitation intensity. More frequent and intense extreme events can cause changes in particle and pathogen-loading in source water as well as in shallow groundwater. These effects are observed in a number of cases, especially in areas with porous and fractured underground situations as can be found in parts of Southern Germany or Luxemburg.
Case 1: As an example, extreme rainfalls, especially after longer dry periods, caused high turbidity and particle load (see Figure 1 ) in a shallow groundwater of a karst aquifer in Southern Germany used for drinking water supply.
Based on that, microbial contamination occurred (see Figure 2 ). The existing ultraviolet (UV) disinfection did not reliably eliminate the resulting peak loads of Escherichia coli and coliforms due to high particle concentrations and high turbidity. As a result, the shallow groundwater could not be used for drinking water purposes during rainfall events.
To enhance safety and flexibility the existing treatment scheme was improved by ultrafiltration. The membrane process withholds particles and pathogens independent of climate effects and weather events. That is the necessary pre-treatment for reliable UV-disinfection.
(2) Long-term shift of groundwater quality due to higher pressure from farming. Natural effects on groundwater recharge and quality are fairly less clear and understood as on surface waters. Owing to the long-term interactions between water runoff and local geologic conditions, the effects on groundwater bodies are difficult to describe and to measure. In principle, increasing winter precipitation Figure 1 | Correlation between rainfall and raw water turbidity in shallow groundwater in Southern Germany (Herb 2000) .
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N. Staben et al. Case 2: Using integrated water flow prediction and water quality modelling, the potential impact of different future scenarios on groundwater renewal (comparison of future periods 2021-2050 and 2071-2100 with reference period 1961-1990, different land use patterns, different soil conditions) and quality for a water supply system in Münsterland (NRW-Germany) was calculated. It could be shown that the global warming will increase the need for irrigation of farmland in the named area and different adaptation pathways (several land use patterns for different soil conditions and irrigation demands) were explored.
The model results showed that increasing irrigation especially with already nitrate polluted groundwater could lead to further cumulative nitrate concentration in ground water (see Figure 3 ). Moreover, the increasing irrigation demand reduces the availability of groundwater resources for other water users. Thus, a transparent allocation scheme to various water users (drinking water, agriculture, industry, cooling water) had to be explored.
(3) Increasing salt intrusion in coastal groundwater.
Water supply in coastal regions is often based on groundwater abstraction and treatment. Climate change, with rising sea levels, can lead to a shift of salt water in the underground towards abstraction wells to the point of intrusion.
In addition, a rising water demand following longer heat periods and higher temperature in general can lead to an expansion of abstraction quantity. Increasing proportions of saltwater in groundwater can force the water supplier to invest in more innovative treatment technologies.
Case 3a:
Owing to increased abstraction of groundwater for water supply and irrigation, the upwelling of salt water into coastal groundwater was detected, e.g. in the Netherlands with increasing salt contents. To prevent salt-water intrusion into the groundwater a dune infiltration with treated surface water was installed (van Breukelen et al. ). This measure increased the groundwater volume and reversed the flow,
shifting the fresh/salt water boundary towards the sea.
Case 3b: Shifting salt water frontiers towards drinking water wells is also a risk for water supply in some regions of Northern Germany. Owing to expected higher water demands from industry and intensified farming with higher average temperatures and heat periods in summer, available quantities for drinking water production could be limited.
Higher water extraction is limited by the shifting salt water borders. Since reliable forecasts of the change in salt water fronts are missing, it is unclear how long drinking water can be extracted in the waterworks near the coast without further treatment with (e.g. reverse osmosis), which is a very expensive technology. To reduce the necessary water extraction for drinking water, treatment alternative water resources for industrial usage were explored, including brackish water, surface water, sea water as well as wastewater reuse after treatment.
A treatment scheme for treated wastewater reuse consisting of flocculation, ultrafiltration, reverse osmosis and stabilization turned out to be a cost-effective and resourceefficient alternative.
(4) Flooding of catchment areas, abstraction wells and treatment plants. Water utility infrastructure situated in low-lying coastal areas or in flooding plains of surface waters could be affected by rising sea or river levels, storm forms in a spring water in Southern Germany (Herb 2000) .
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N. surges, or more intense and frequent flood events. To prevent damage, these facilities may have to be redesigned to be flood-proof or even relocated.
Case 4: Following a hurricane with extreme precipitation intensity (163 l/m 2 in 24 h; up to 15 l/m 2 per hour;
see Figure 4 ) the entire water production facility of a local water supplier in NW Germany was flooded, causing breakdown of water abstraction and microbial contamination of the raw water (coliforms: 160/100 ml, E. coli: 20/100 ml;
Enterococcus: 48/100 ml; coliform count 22 W C: 960/ 100 ml) and the treatment plant.
The waterworks had to be switched off immediately. It took nearly 4 weeks until all parts of the supply system were disinfected and back to operation. 58 000 m 3 treated water had to be discharged due to contamination. Several measures were used to increase the resilience of the entire supply system: e.g. systematic analysis of flooding risk, optimization of flooding protection at the river elsewhere and installation of emergency connections to neighbouring supply systems.
(5) Heavy rain and dry periods affect water production from a river. Unlike well-protected groundwater resources, surface waters respond directly to changing weather conditions like heavy rainfalls or prolonged dry periods. The infiltration area at the waterworks was protected against flooding events by a surrounding clay barrier. Thus, a more than 100 000 m 3 underground reservoir was created, with increased reliability of the entire supply system and higher resilience for climate change induced flooding.
Risk management scheme for safe water supply
To enable water supply companies to systematically raise their resilience against climate change induced pressures, a management system based on the WSP approach has been developed and applied. This entails elements of a system assessment, hazard identification (see Table 1 ) and risk assessment. Possible risks due to different extreme climate conditions, such as drought periods or strong rainfalls with floods, were identified and adaptation measures defined.
The measures described in the following are part of the comprehensive risk management scheme including all steps of the water supply chain.
Adaptation measures for safe water supply
Although the climate in the western part of Germany is not expected to change dramatically, our research reveals considerable need for action with respect to adaptation and optimization of all parts of the water supply system. In some parts of the pilot region water shortages are already noticeable, due to longer heat periods with lower water levels in surface waters and increasing water demand from population, as well as from agriculture and industry.
Based on a study on regional climate change (cf. Introduction) as well as other external factors and the expected development of the regional water demand, the existing supply system can be analysed in a systematic way along the supply process.
(1) Water resources management: If changes in raw water quality or quantity are most likely going to occur, their relevance for the water supply should be estimated.
As proposed seasonal shortages of water quantity are expected or already actually noticeable it is important to identify all water users of the water body. There are two possibilities to cope with possible seasonal water shortages: A. Regional water management regulated by the responsible water authority B. Regional water management as result of a cooperative discussion process with all water users (e.g. guided by the responsible water authority)
For both adaptation pathways, knowledge about the regional water cycle and balance as well as about all water extraction is necessary in order to find a solution that is acceptable to all stakeholders. The cooperative approach (B) was tested within the dynaklim-project by establishing a task force 'Lippe-Groundwater' for the River Lippe (tributary of the River Rhine in North-Rhine Westphalia), using the basic principles of a regional (water) governance.
Owing to climate change, a strong decrease of the available water quantity as well as quality impairment is to be expected within dry periods.
In addition to water supply, industrial companies and cooling systems of thermal power plants use relevant amounts of water from the River Lippe. A group was successfully established, and is working on measures for a consensual management of the regional water resources and implementation of technical measures to reduce water consumption (e.g. in farming and industrial applications).
If water extraction cannot be reduced by measures like water saving or storage, a prioritisation of the usage is necessary. Especially during dry periods with increased water demand, drinking water supply has to be treated with priority in order to secure water supply for the population.
(2) Water treatment: waste water plants, hospitals) it could be reasonable to ensure direct elimination at the source, applying the polluter-pays-principle (OECD ). In many cases (e.g. for surface waters) it is much more economically efficient and ecologically reasonable to eliminate pollutants at high concentrations directly at the source than to emit them into the environment for removal at the downstream water treatment plant. This is particularly relevant when concentrations of substances are nearly constant at the source but dilution (e.g. in a river) varies across a high range due to precipitation or other climate effects. This effect can be detected in the River Ruhr for micropollutants such as carbamazepine or amidotrizoic acid. With lower run-offs the concentrations of the substances increase severely (see Figure 5 ). Water treatment technologies usually perform best with a defined and more or less constant flow rate and mass concentration of substances that should be removed. Under climate change conditions, the range of concentrations may widen and the frequency of extreme values may increase. Therefore, performance testing under extreme conditions is very important to find boundaries for acceptable water quality. In most cases adaptation of the existing treatment technologies is possible, e.g. by increasing dosage of flocculants or ozone (see Table 2 ). Monitoring of raw and drinking water quality as well as between treatment steps is very important in every case to verify the efficiency of the implemented measures.
(3) Water distribution: Depending on the individual situation, measures to secure safe drinking water quality such as water treatment, planning and operation of water distribution and monitoring water quality can be implemented at different processes. To prevent microbiological regrowth and hygienic problems in the distribution system and to mitigate temperature increase of the drinking water in the pipes, 
CONCLUSIONS
Climate change already affects the regional water cycle in most parts of the world. Owing to changing air temperatures and precipitation frequency, amount and seasonal allocation, water supply companies all over the world are affected by climate change and furthermore by other external factors, e.g.
changing water demand in the supply system.
There are two possible pathways for water supply companies to adapt to climate change conditions and to secure water supply:
(a) Reactive adaptation after water shortage or damage.
(b) Risk-based adaptation strategy considering on-going modernization measures
To define a useful and sustainable adaptation strategy in a first step, (1) knowledge about the external factors has to be built up (e.g. modelling regional precipitation and climate change, study on regional water demand). Based on this information, (2) the vulnerability of the region as well as the specific system can be examined by analysis of capacity and performance of existing infrastructure under climate change conditions, analysis of flood risk for existing infrastructure and assessment of regional vulnerability. In every case, responsible water authorities are important players, especially concerning regional water demand and balance as well as defining the regional vulnerability.
By developing and implementing a roadmap for 'Regional Climate Adaptation', the dynaklim-region will receive a framework of reference for a future, regional adaptation strategy that connects previously isolated individual topics, coordinates goals and activities of regional administration, politics, economy and society, and identifies and coordinates priorities with relevant regional actors ( Investigated experiences from several suppliers show that a reactive adaptation after water shortage or damage will likely result in (a) higher costs, (b) longer downtimes for water supply, and (c) negative image effects. On the contrary, riskbased adaptation strategy enables the water supplier to integrate adaptation measures in, e.g. ongoing modernization measures and to implement 'no-regret-measures'. In many cases, this strategy seems to be the more efficient way to adapt to changing conditions. And if other external factors are taken into account by risk analysis and strategy development, even more synergies can be generated.
The results show the need for an individual analysis of the supply system incl. regional modelling of climate change in the water catchment area, effects on existing water utility infrastructure and performance testing of existing processes. A systematic risk management scheme (e.g. based on the WSP approach) should be used to include all possible risks and necessary adaptation measures. With a widespread approach, taking into account the whole supply system, a highly cost-and time-effective adaptation strategy can be developed, and by implementing the adaptation measures water quality and supply can be secured also under changing conditions.
